Introduction {#sec1}
============

Research and development of lead-halide perovskite nanocrystals (NCs) has almost reached the same maturity as more conventional II--VI and III--V semiconductor nanomaterials, offering exciting properties such as narrow emission linewidths, fast excited-state decay, and high material gain.^[@ref1],[@ref2]^ Furthermore, synthesis protocols for high-quality perovskite NCs of various compositions and shapes have been developed over the past five years.^[@ref3]−[@ref12]^ While the fluorescence of the conventional II--VI and III--V semiconductor NCs is strongly quenched unless their surface is covered with a wide-band gap shell material, it is different for perovskite NCs.^[@ref4],[@ref13]−[@ref16]^ The optical properties of perovskite NCs are less sensitive to (surface) defects than their II--VI and III--V counterparts because the localized electronic states due to defects often lie outside the band gap.^[@ref17],[@ref18]^ Even simple synthesis procedures for single-component perovskite NCs, without shell, yield fluorescence with a photoluminescence quantum yield (PLQY) as high as a few tens of percent.^[@ref4],[@ref5]^ Nevertheless, better synthesis methods,^[@ref11]^ ligand-exchange procedures,^[@ref17]^ and other postsynthesis chemical treatments^[@ref18]^ continue to be discovered that lead to even higher PLQY values. Clearly, structural imperfections in the interior of perovskite NCs or on their surface deteriorate the PLQY by opening nonradiative decay channels, but they can be removed or prevented if the right chemical methods are used. Unity PLQYs have been achieved for some compositions and shapes of perovskite NCs, but not yet for many others.^[@ref19]−[@ref21]^ The success of synthesis and treatment procedures in preventing nonradiative losses is usually evaluated in terms of the PLQY and excited-state decay dynamics of the resulting NCs. These parameters serve as a feedback to optimize the chemical methods. However, batches of NCs are typically heterogeneous with strong interparticle-property variations. This complicates the ability of the community to identify the nonradiative loss pathways in an ensemble of NCs and, consequently, to evaluate and optimize the chemical procedures used.

In this work, we unravel the nonradiative processes in CsPbBr~3~ nanoplatelets (NPLs), before and after chemical treatment with PbBr~2~ that improves the PLQY. We analyze the excited-state dynamics over 6 orders of magnitude in time using a combination of integrating-sphere PLQY measurements, streak camera experiments, and time-correlated single-photon counting (TCSPC). We find that trapping of charge carriers occurs over a wide range of timescales, from subpicosecond to nanoseconds.^[@ref18]^ While some trapped charge carriers recombine nonradiatively, another part is detrapped on longer timescales and contributes to the delayed emission of photons up to several hundred nanoseconds after photoexcitation. Chemical treatment of the CsPbBr~3~ NPLs with PbBr~2~ removes the picosecond-to-nanosecond trapping pathways, resulting in an increase of the PLQY. However, our combination of spectroscopic techniques reveals the presence of a "dark fraction" of entirely nonfluorescent NPLs that cannot be healed by chemical treatment with PbBr~2~. Our results show that multiple nonradiative processes are operative in an ensemble of CsPbBr~3~ NPLs, each with a distinct signature in the excited-state dynamics and with a distinct response to chemical surface treatment with PbBr~2~. More broadly, our analysis method provides a framework to identify the effect of a chemical treatment on the nonradiative pathways in fluorescent nanomaterials.

Results and Discussion {#sec2}
======================

CsPbBr~3~ NPL Synthesis and Characterization before and after PbBr~2~ Treatment {#sec2.1}
-------------------------------------------------------------------------------

Colloidal CsPbBr~3~ NPLs of two thicknesses (4 and 6 monolayers, ML) were prepared following the procedure of Bohn et al.^[@ref18]^ Sharp features are observed in the photoluminescence (PL) spectra, indicating controlled NPL thicknesses ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Surface treatment with a PbBr~2~ precursor solution was performed on the NPLs,^[@ref18],[@ref22]^ which resulted in an enhancement of the PLQY ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Transmission electron microscopy (TEM) confirms the platelet shape of our NCs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d). The variations in the side length, which were also observed by Bohn et al.,^[@ref18]^ have limited effect on the emission wavelength because this is determined by the thickness of the NPLs. X-ray diffraction confirms the CsPbBr~3~ perovskite crystal structure of our NPLs ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf), Figure S1). In total, four NPL samples were prepared and studied in this work: 4ML, 4ML-treated, 6ML, and 6ML-treated CsPbBr~3~ NPLs. The main text will focus mainly on the data obtained for the 4ML and 4ML-treated NPLs. All measurements in the article were conducted one day after the synthesis, so that the picosecond-to-nanosecond excited-state dynamics and the PLQY could be directly combined and compared without complications due to slow degradation over the timescale of days to weeks.

![Optical and structural characterization of CsPbBr~3~ NPLs. (a) Steady-state absorption (dashed lines) and PL (solid lines) spectra of CsPbBr~3~ NPLs with a thickness of 4ML (dark blue) and 6ML (green). The inset shows the perovskite crystal structure (blue sphere; Cs^+^, black sphere; Pb^2+^, light blue sphere; Br^--^). (b) PL spectra normalized to the PLQY before (dashed lines, 4ML 10.2%, 6ML 50.8%) and after PbBr~2~ treatment (solid lines, 4ML 44.2%; 6ML 68.8%). TEM images of (c) 4ML thick and (d) 6ML thick CsPbBr~3~ NPLs. PL decay measurements on picosecond, nanosecond, and microsecond timescales.](jp0c02287_0001){#fig1}

We studied the excite-state dynamics of the NPLs using picosecond streak camera ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) and nanosecond TCSPC measurements ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). By measuring the excited-state decay with TCSPC as a function of the photon energy using a monochromator, we obtain a two-dimensional map of the excited-state dynamics *vs.* energy, that is, time-resolved emission spectra (TRES). Using both techniques---streak camera and TRES---we are able to resolve the spectral position, linewidth, and intensity over a wide range of delay times ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). We keep the laser excitation fluence low (estimated to yield an average of 0.03 excitons per NPL per pulse for the streak camera measurement; see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf)) to minimize the creation of multiexcitons and the influence of Auger recombination on the decay dynamics.

![Picosecond streak camera measurements and TCSPC on 4-monolayer CsPbBr~3~ NPLs. (a) Streak camera image measured over the first 1000 ps and (b) time-resolved emission spectrum measured over the first 200 ns after photoexcitation for untreated 4ML CsPbBr~3~ NPLs. Spectral slices measured with (c) streak camera and (d) TCSPC show that the spectral position \[white line in panels (a,b)\] and the width remain nearly constant over the entire time range. The constant 2 nm shift of the peak position between the two different measurements is due to calibration differences between the TCSPC and the streak camera setup. The PL decay traces obtained by (e) streak camera (from 0 to 1000 ps) and (f) TCSPC (from 0 to 1000 ns) measurements, showing a multiexponential decay. Schematic representation of the radiative and nonradiative processes that typically occur in nanomaterials: (g) radiative recombination, where an excitation is directly followed by a photon emission, (h) nonradiative recombination, which results in energy losses and shortens the timescale of the photon emission, and (i) temporary storage of charge carriers and subsequent release leads to delayed emission of photons.](jp0c02287_0002){#fig2}

The peak emission energy and linewidth remain nearly constant over the entire experimental time range ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). This indicates that radiative recombination of the photogenerated charge carriers occurs always from the same exciton state irrespective of the timescale. Because of the subpicosecond cooling time of hot charge carriers,^[@ref23]^ this must be the lowest-energy exciton state, whose energy is dependent on the thickness of the NPLs through quantum confinement effects ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). We ascribe the small (∼3 nm) shift of the emission peak over the first 20 ns to a slight inhomogeneous broadening and a wavelength-dependent density of optical states.^[@ref24]^

Although the narrow linewidth in the TRES measurements ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) indicates radiative recombination from identical 4ML NPLs, the PL decay curves ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f) show multiexponential excited-state dynamics. This suggests a variation in nonradiative processes within the subpopulations of NPLs in the sample. As reported previously,^[@ref18],[@ref22],[@ref25],[@ref26]^ and as we investigate in more detail below, the radiative decay rate *k*~rad~ of the lowest-energy exciton state in perovskite NCs is on the order of *k*~rad~ = 0.1--1 ns^--1^.^[@ref18]^ Based on this rate, we expect an average delay time of ⟨*t*⟩ = *k*~rad~^--1^ = 1--10 ns ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g) if no other recombination pathways are active. However, the PL decay curve measured here clearly contains significantly faster ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e) as well as slower ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f) decay components. The decay components that are faster than the radiative rate can be ascribed to nonradiative trapping processes from imperfect NPLs in the sample, which are in competition with radiative recombination. Nonradiative trapping at rate *k*~nr~ shortens the timescale of the emission ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h) to ⟨*t*⟩ = (*k*~rad~ + *k*~nr~)^−1^. If the charge carriers recombine nonradiatively after trapping, this lowers the PLQY. The decay components that are slower than the radiative rate can also be due to nonradiative processes. Trapping of a charge carrier, followed by detrapping at rate *k*~release~ and radiative recombination at rate *k*~rad~ will increase the timescale of the emission to ⟨*t*⟩ = *k*~rad~^--1^ + *k*~release~^--1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf) for the derivation). However, because this sequence of processes yields a photon eventually, it does not affect the PLQY. This photon emission following trapping and detrapping is often referred to as delayed emission and has been shown to influence the PL dynamics in perovskite NCs^[@ref26]−[@ref28]^ as well as other materials.^[@ref29]−[@ref31]^ Below, we will study both nonradiative processes (trapping/nonradiative recombination and trapping/detrapping) and characterize the influence of the PbBr~2~ surface treatment on these nonradiative processes.

Stitching of the PL Decay Curves and Modeling of the Nonradiative Processes {#sec2.2}
---------------------------------------------------------------------------

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a we combine the streak camera and TCSPC measurements over 6 orders of magnitude in time by stitching them together. This procedure is detailed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf). In addition to the PL decay trace, the PLQY measured with an integrating sphere also contains information about nonradiative processes. We combine the information from all measurements by defining the "quantum yield density" φ(*t*), which is obtained by normalizing the stitched PL decay data such that the total area (the time-integrated quantum yield density) equals the PLQY:

![Stitching of the streak camera and TCSPC measurements. (a) Example of the combination of high- and low-resolution streak camera measurements with TCSPC measurements for a sample of untreated 4ML NPLs in order to obtain a PL decay trace over 6 orders of magnitude in time. The area under the PL decay curve is normalized to the PLQY of 10.2%, yielding what we define as the quantum yield density φ(*t*). (b) Model of the PL decay trace on a double logarithmic scale (and semi logarithmic inset) in case all generated charge carriers recombine radiatively (PLQY = 100%). (c) Model of the PL decay trace, in case a fraction of the NPLs is dark, resulting in a decrease of the amplitude because the extremely fast dynamics of the dark fraction is masked by the instrument response function. (d) Model of the PL decay trace, but in addition to the model in (c), part of the bright fraction NPLs exhibit nonradiative recombination that is in competition with radiative recombination. (e) Model of the PL decay trace, but in addition to the model in (d), delayed photons are taken into account, that is radiative recombination of charge carriers after the temporary storage in a nonemissive state. (f) Experimental PL decay traces for untreated (dashed line) and PbBr~2~ treated (full line) 4ML CsPbBr~3~ NPLs. (g) Same, but for 6ML CsPbBr~3~ NPLs.](jp0c02287_0003){#fig3}

The quantum yield density has units of inverse time and represents the photon emission probability per unit delay time per absorption event from the ensemble of NPLs. The quantum yield density plot contains information about the fast trapping---even those processes that are faster than the instrument response of our streak camera---as well as the slow detrapping processes.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--e illustrates how we quantify different nonradiative processes by analyzing the quantum yield density plot φ(*t*), under the assumption that all NPLs have the same intrinsic radiative decay rate *k*~rad~. In the simplest scenario ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, blue), radiative recombination of the exciton is the only decay pathway and no competing nonradiative processes in any of the NPLs in the ensemble are present. In this case, the PLQY would be unity, and the quantum yield density would follow single-exponential decay, *i.e.* φ(*t*) = *k*~rad~ e^--*k*~rad~*t*^.

In practice, batches of NCs typically contain a "dark fraction",^[@ref32]^ that is, some NCs do not emit any photons upon photoexcitation and are therefore not directly observable in spectroscopic measurements.^[@ref32]−[@ref34]^ This dark fraction of entirely nonfluorescent NPLs that we identify below is qualitatively different from the "dark NPLs" with weak and fast fluorescence that Bohn et al. discuss.^[@ref18]^ The presence of a truly dark fraction has a large influence on the quantitative analysis of the decay processes.^[@ref35]^ Photogenerated excitons in these dark NPLs are quenched by ultrafast nonradiative charge carrier recombination, which may even outcompete the thermalization rate to the band edge. This subpopulation is invisible in the PL decay traces but does show up in the PLQY measurements. The [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf) Figure S3 discusses the concept of a dark fraction in more detail and provides an analysis strategy to identify if a dark fraction is present in an NC sample. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c (green) shows the quantum yield density for the scenario that a fraction 1 -- *f* of NPLs is dark, while the other NPLs (bright fraction *f*) exhibit exclusively radiative decay, which follows φ(*t*) = *fk*~rad~ e^--*k*~rad~*t*^. From the amplitude φ(0) = *fk*~rad~ of the quantum yield density plot, we can thus estimate the bright fraction within the NPL ensemble

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,e shows the additional features that may appear in the quantum yield density plots if a fraction of NPLs in the sample exhibit trapping of charge carriers, which can lead to nonradiative recombination ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, yellow), or detrapping and the subsequent delayed emission of photons on longer timescales ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e, red). These processes introduce additional components in the quantum yield density plots that are faster (nonradiative recombination) or slower (delayed emission) than the radiative recombination, respectively (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g--i).

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f shows the experimental quantum yield density plot φ(*t*) of the untreated and treated 4ML NPL samples, and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g for the untreated and treated 6ML NPL samples. We see that the untreated and treated samples have very similar amplitudes φ(0), indicating that the treatment with PbBr~2~ does not affect the dark fraction of NPLs (see model in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). In addition, we observe that the treatment process makes the decay dynamics on the picosecond-to-nanosecond timescales (\<10 ns) slower. This is consistent with a suppression of nonradiative trapping pathways in imperfect NPLs by the PbBr~2~ treatment. Finally, we observe additional slow (\>50 ns) multiexponential components in the quantum yield density φ(*t*) for all samples associated with delayed emission of photons following trapping and detrapping ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i). Interestingly, the contribution of the delayed emission events to the total amount of emitted photons changes with treatment. From these measurements, we conclude that the PbBr~2~ treatment procedure affects the nonradiative processes contributing to nonradiative recombination in the bright fraction of NPLs, as well as those contributing to the delayed emission, whereas the dark fraction is unaffected by the treatment.

Identifying Radiative and Nonradiative Processes in CsPbBr~3~ NPL Ensembles {#sec2.3}
---------------------------------------------------------------------------

For a more quantitative analysis of the nonradiative processes in our NPL samples, we have to determine the radiative decay rates *k*~rad~. For example, the value of *k*~rad~ is necessary for the quantitative identification of the dark fraction ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) and the distinction between charge-carrier trapping followed by nonradiative recombination ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) or delayed emission ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e).

We measured the excited-state decay of three independently synthesized samples of 4ML NPL with slightly different PLQY (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The fitted lifetime of the excited state is constant (blue line) indicating that the synthesis procedure gives synthesis-to-synthesis variations in the dark fraction. An alternative explanation---where the PLQY changes because of a variation in the nonradiative rates---would result in a positive slope of the lifetime of the excited state versus the PLQY (red dashed line, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf) for details), which does not follow the data. From this, we conclude that the slowest decay dynamics of the treated NPLs on the 1--10 ns timescale are predominantly due to *k*~rad~. From the measurements on the treated samples, we extract *k*~rad~ = 1/(5.6 ns) for the 4ML NPLs and *k*~rad~ = 1/(5.7 ns) for the 6ML NPLs. This is approximately a factor of 2 faster than the radiative rate estimated by Bohn et al.^[@ref18]^ because we take into account that the dark fraction of NPLs is the cause for most of the losses in the ensemble, while most fluorescent NPLs show purely radiative decay.^[@ref35]^ The absolute values for *k*~rad~ for the two samples are determined by the electronic structure of the NPLs, including the thermal occupation of various exciton fine structure states^[@ref36]^ and photonic effects, including a shape-dependent local field factor.^[@ref1]^ To further confirm that the ns component in the PL decay dynamics is due to radiative decay, we measured the excited-state decay using TCSPC on 6ML NPLs in different photonic environments by changing the solvent (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). We observed that the lifetime of the excited state became shorter when increasing the refractive index from *n* = 1.374 \[hexane, dark yellow, *k*~rad~ = 1/(6.8 ns)\] to *n* = 1.63 \[CS~2~, red, *k*~rad~ = 1/(5.2 ns)\]. This is consistent with a change in the radiative rate of the NPLs due to an increase of the local density of optical states.

![Determination of the radiative decay rate. (a) Lifetime vs. PLQY for three independently synthesized treated 4ML NPL samples. The lifetime of the excited state is approximately constant *k*~rad~ = 1/(5.6 ns), independent of the PLQY, indicating variations in the dark fraction from sample to sample (blue line). The red dashed line shows the expected trend if the nonunity PLQY were due to nonradiative decay in each NPL (rather than a dark and bright fraction), with sample-to-sample variations in the PLQY due to sample-to-sample variations in *k*~nr~. (b) Decay curve for treated 6ML NPLs of one synthesis batch dispersed in hexane (*n* = 1.375, dark yellow), toluene (*n* = 1.5, orange), and CS~2~ (*n* = 1.63, red). The lifetime of the excited state decreases for increasing refractive index *n* showing that the total decay rate is dominated by radiative processes.](jp0c02287_0004){#fig4}

Using these values for *k*~rad~ and the concepts explained in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--e, we identify and quantify the different nonradiative processes at play in the sample of untreated 4ML NPLs in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The red line is the experimental quantum yield density plot φ(*t*) obtained after stitching of the PL streak camera and TCSPC measurements. The yellow line is a multiexponential fit (to account for variations of nonradiative trapping rates between subpopulations of NPLs) to the first 20 ns of which the slowest fit component is fixed to *k*~rad~. This captures the excited-state dynamics due to picosecond-to-nanosecond charge-carrier trapping from the band-edge exciton state (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) but excludes the delayed emission on timescales longer than 1/*k*~rad~ (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). The blue line ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) is the hypothetical quantum yield density assuming a unity PLQY sample, that is, no dark fraction decaying with the radiative rate *k*~rad~. The green line ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) shows the calculated quantum yield density we would measure if the bright fraction *f* suffered no band-edge losses, in which case the excited-state dynamics would follow a single-exponential decay with the radiative rate *k*~rad~.

![Identifying the radiative and nonradiative processes from the PL decay traces. (a--d) Stitched experimental PL decay traces (solid red line) and the comparison to the model distinguishing the contribution of prompt photons (yellow-shaded area), band-edge losses (green-shaded area), the dark fraction (blue-shaded area), and delayed PL (red-shaded area) for (a) untreated and (b) PbBr~2~-treated 4ML CsPbBr~3~ NPLs, and (c) untreated and (d) PbBr~2~-treated 6ML CsPbBr~3~ NPLs. The insets show a zoom of the first 400 ps. (e,f) Plots of the percentage of delayed photons with respect to the total number of emitted photons versus the PLQY, before and after treatment for (e) 4ML NPLs and (f) 6ML NPLs, and the comparison to the different possible models for temporary trapping and how it is affected by chemical treatment (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf) for details): hot-exciton trapping with a constant rate (dotted lines), band-edge exciton trapping with a constant rate (dashed line), and band-edge exciton trapping with a rate that changes to the same extent as the nonradiative recombination rate (red solid line).](jp0c02287_0005){#fig5}

By integrating the appropriate areas between the curves in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, we estimate the probabilities of different decay pathways in our NPL ensemble and thus the influence of the various nonradiative processes. Because the quantum yield density is normalized to the PLQY ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}), integration immediately yields the probabilities of decay pathways per photon absorption event. Specifically, in this way, we obtain the probability of prompt photon emission (yellow-shaded area), band-edge losses due to charge-carrier trapping (green-shaded area), and losses due to the dark fraction of NPLs (blue-shaded area). In addition, the red-shaded area represents the delayed emission on timescales exceeding prompt emission. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b--d shows the same plots and analysis for the treated 4ML NPLs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), the untreated 6ML NPLs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c), and the treated 6ML NPLs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d).

From these plots, it becomes clear that in a fraction of NPLs charge carriers are "lost" by trapping on the subpicosecond timescale (blue-shaded area) and/or picosecond-to-nanosecond (green-shaded area) timescale. The delayed emission (red-shaded areas in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--d) is due to the detrapping of charge carriers and the subsequent photon emission on long timescales compared to the prompt emission. To determine the timescales of temporary trapping and how the treatment affects it, we plot the contribution of the delayed emission to the total emission, against the ensemble PLQY in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e (4ML NPLs) and [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f (6ML NPLs).

As can be seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f, the delayed-emission fraction (contribution of the delayed emission to the integrated quantum yield density) decreases as the PLQY increases by PbBr~2~ treatment. From this analysis, we have to conclude that surface treatment not only suppresses nonradiative recombination pathways for the bright NPLs, but also has a profound influence on temporary charge carrier trapping and detrapping. There are three possible scenarios that we consider for the effect of treatment on the rates of nonradiative processes in our NPLs (detailed explanation in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf)). If only the nonradiative recombination rate *k*~nr~ is suppressed by the chemical treatment, we can calculate the delayed-emission fraction as a function of the PLQY, assuming trapping from (1) a hot exciton state ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f dotted line) or (2) a band-edge exciton state ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f dashed line). Neither scenario reproduces the measurements of the delayed-emission fraction before and after treatment. However, if we assume that the treatment suppresses (3) nonradiative recombination *k*~nr~ as well as temporary trapping *k*~trap~ from the band-edge exciton to the same extent, that is, both rates are reduced by the same factor, we can reproduce the delayed-emission fraction dependence on the PLQY before and after treatment for both NPL samples ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} e,f red lines).

We conclude from this analysis that trapping from the band-edge exciton state is the dominant mechanism contributing to delayed emission in perovskite NPLs. Additionally, we identified that the process leading to nonradiative recombination (*i.e.*, trapping followed by recombination) and temporary trapping (*i.e.*, trapping followed by detrapping) is affected to the same extent by chemical treatment with PbBr~2~. This might indicate that the defects that are responsible for these two processes have the same chemical nature. As charge-carrier trapping on these defects can be reversible (giving rise to delayed emission), the defect probably acts as a "shallow trap state", that is, close in energy to the conduction- or valence-band edge. Indeed, undercoordinated Pb may lead to such shallow trap states, whose density is expected to decrease by chemical treatment of the NPLs with excess PbBr~2~.^[@ref13]^

Quantifying the contribution of Nonradiative and Radiative Processes {#sec2.4}
--------------------------------------------------------------------

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a schematically summarizes the various excited-state decay pathways of an ensemble of perovskite NPLs that we studied with our combined PL decay and PLQY measurements. After excitation from the ground state (0) to a hot-carrier state (1), some NPLs in the ensemble decay nonradiatively on subpicosecond timescales leading to dark-fraction losses (blue). In the other subpopulation of NPLs, charge carriers quickly thermalize to form a band-edge exciton (2). From this lowest-energy exciton state, there is a probability to recombine radiatively, yielding prompt photons (yellow). Alternatively, in imperfect subpopulations of NPLs, radiative recombination can be in competition with nonradiative trapping from the lowest-energy exciton state followed by nonradiative recombination, leading to band-edge losses (green). Some of these trapping events from the lowest-energy exciton state do not result in nonradiative recombination, but instead the trapped charge (3) is detrapped after some time. After detrapping and restoration of the lowest-energy exciton, radiative recombination can occur contributing to delayed emission of photons (red).

![Models for radiative and nonradiative processes in CsPbBr~3~ NPLs (a) Schematic summary of the radiative and nonradiative processes at play in subpopulations of an ensemble of CsPbBr~3~ NPLs. After photoexcitation from the ground state (0) to the excited state (1), hot charge carriers are initially generated. In some NPLs---the dark fraction---nonradiative recombination is so fast that it outcompetes thermalization to the band-edge exciton state. The hot charge carriers can also cool to the band edge (2), from which there is a probability to recombine radiatively (prompt emission of photons) or get trapped (band-edge losses). Some NPLs trap charge carriers temporarily (3), that is, they are subsequently detrapped and eventually recombine from the lowest-energy exciton state (delayed photons). (b) The contributions of radiative recombination (prompt photons, yellow area), band-edge losses (green area), and dark-fraction losses (blue area) of our four samples of NPLs. The red-shaded area denotes band-edge trapping that is followed by detrapping and delayed emission. Comparing the untreated and treated samples, it is evident that chemical treatment with PbBr~2~ suppresses band-edge trapping while the dark-fraction is hardly influenced.](jp0c02287_0006){#fig6}

We plot the contributions of the different decay pathways for the different batches (4ML and 6ML), as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. The contributions of dark-fraction losses (blue), band-edge losses (green), and prompt photon emission (yellow) add up to 100%, but the numbers are rounded to the nearest 1%. The emission of delayed photons (red) compensates for a part of the band-edge losses. Clearly, the main effect of PbBr~2~ treatment is the enhancement of the prompt emission (yellow) and suppression of band-edge trapping (green), while the dark fraction remains similar. Therefore, to approach unity PLQY values for CsPbBr~3~ perovskite NPLs, an alternative postsynthetic chemical treatment that can heal the dark fraction is necessary.

The effect of PbBr~2~ treatment on the absolute delayed-emission intensity is nontrivial: the delayed-emission intensity increases for the 4ML NPLs, but decreases for the 6ML NPLs. This can be understood by considering that delayed emission follows a multistep pathway: (i) a charge carrier is first trapped from the band-edge exciton state, (ii) released, and then (iii) recombines radiatively. On the one hand, treatment suppresses nonradiative recombination of the band-edge exciton, so that steps (i) and (iii) become more efficient and delayed emission thus more likely. On the other hand, treatment also suppresses trapping of carriers into temporary traps, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f, thus making the delayed emission less likely. This balance between competing effects is well captured by the model shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f (see also the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf) Figure S4). This model shows that while the delayed-emission fraction of the total emission always decreases with treatment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f), the absolute intensity of delayed emission may or may not increase if the NPLs become significantly brighter overall ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b).

We showed with our analysis method that the PLQY is increased because of reduced band-edge losses. However, the treatment procedure still does not yield CsPbBr~3~ NPLs with unity PLQY. Our results indicate that the defect chemistry of perovskite nanomaterials is complex, and the main factor that needs to be tackled in order to reach unity PLQY values for this interesting class of materials is the dark fraction of NPLs within the ensemble. Future research into the atomic-scale structural details^[@ref25],[@ref37]^ of treated and untreated NPLs may shed further light on the microscopic nature of the defects responsible for the various distinct nonradiative pathways. Our approach of combining picosecond streak camera and TCSPC measurements provides a platform to disentangle and understand radiative and nonradiative processes in luminescent materials, which serves as an input for the rational design of highly emissive nanomaterials with unity PLQY.

Conclusions {#sec3}
===========

We have elucidated the nonradiative processes in CsPbBr~3~ NPLs by probing the excited-state dynamics with a combination of PL streak camera and TCSPC measurements. This combination of spectroscopic techniques allowed us to probe the excited-state dynamics of CsPbBr~3~ NPLs over 6 orders of magnitude in time. We have found that chemical treatment with PbBr~2~ suppresses the nonradiative processes associated with charge-carrier trapping from the lowest-energy exciton state and therefore enhances the prompt emission. The dark fraction of NPLs---the nonemissive subpopulation of nanocrystals within the ensemble---is unaffected by the chemical treatment with PbBr~2.~ Furthermore, we find that the contribution of delayed emission due to trapping--detrapping events to the total emission decreases upon surface treatment. This is consistent with a reduction of band-edge trapping and nonradiative recombination. We have identified charge-carrier trapping processes that limit the PLQY (nonradiative recombination) and those that do not (delayed emission). Furthermore, using the definition of quantum yield density provides a framework to test and optimize the synthesis procedures or postsynthetic chemical treatments on a variety of fluorescent nanocrystals.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpcc.0c02287](https://pubs.acs.org/doi/10.1021/acs.jpcc.0c02287?goto=supporting-info).Figures showing X-ray diffraction; decay curve stitching procedure; identification of the dark fraction; delayed emission models; and derivation timescale between trapping and photon emission ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02287/suppl_file/jp0c02287_si_001.pdf))
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